To investigate neighbor effects in visual word recognition, the masked priming technique holds considerable advantages over unprimed methods, because a target word is used as its own control. However, inhibitory neighbor effects obtained with masked priming are still open for different interpretations, because the primes differ across conditions. Given this theoretical problem, it is useful to investigate neighbor priming effects using a prime as its own control. This option is available in the incremental priming technique (Jacobs, Grainger, & Ferrand, 1995) , in which a within-condition baseline is created by comparing the response times (RTs) to a target when it is primed at different prime durations. In this study, we examined masked neighbor priming using this technique. Both the traditional and the within-condition baseline indicated that masked neighbor word priming is inhibitory in nature. The results are discussed in terms of current theories of visual word recognition.
A common finding in psycholinguistics is that a word is processed more slowly when it has a higher frequency neighbor (a word that has all but one letter in common with the target; Coltheart, Davelaar, Jonasson, & Besner, 1977) . For instance, in a lexical decision task, Grainger, O'Regan, Jacobs, and Segui (1989) observed slower response times (RTs) for words with a higher frequency neighbor, when compared to words without a higher frequency neighbor. For instance, the French word "nerf" (nerve) which has three neighbors ("neuf" [nine] , "cerf" [deer] , and "serf" [slave] ), one of which is of a higher frequency ("neuf") was processed more slowly than the word "jupe" (skirt), which also has three neighbors ("dupe" [dupe] , "jute" [jute] , and "juge" [judge] ), but none of which is of a higher frequency. Because there was no difference in the RTs for words with only one higher frequency neighbor, and words with several higher frequency neighbors, they concluded that it is the presence of a single higher frequency neighbor that causes a word to be processed more slowly. This effect, which they called the neighborhood frequency effect, has been observed in a variety of single word presentation tasks, ranging from lexical decision (e.g., ) to speeded word identification (e.g., Grainger & Jacobs, 1996) and word naming (e.g., Carreiras, Perea, & Grainger, 1997) .
The neighborhood frequency effect is usually explained within the interactive activation model (IAM; McClelland & Rumelhart, 1981) , which conceptualizes the lexicon as a network of nodes at three different levels (feature, letter, and word level). The nodes in the different levels have both inhibitory and facilitative connections. For example, letter "t" at the first position has a facilitative connection to the word "take," but letter "l" at the first position has an inhibitory connection to this word. Additionally, lateral inhibition is assumed between the nodes within the word level so that simultaneously active word nodes inhibit one another. According to the model, upon the presentation of a word, a word and its neighbors become activated in the lexicon. Because the lateral inhibition operating at the word level depends on a word's initial activation level, which in turn depends on the frequency of a word (high frequency words have a higher initial activation level), a word receives strong inhibition only from its high frequency neighbors. As a result, for a word to be recognized, it first has to overcome the neighbor inhibition, leading to longer RTs for words with a higher frequency neighbor compared to words that have no such neighbor. The assumption of word-level lateral inhibition is also incorporated in more recent models of visual word recognition, such as for instance the multiple read-out model (MROM, Grainger & Jacobs, 1996) and the self organizing lexical acquisition and recognition model (SOLAR; Davis, 1999) . The assumption of word-level lateral inhibition makes good computational sense, because it allows competition at the word level to be resolved in favor of the word that matches the input string best. Also, the lateral inhibition assumption is ubiquitous in visual perception where formally similar competitions need to be resolved (e.g., in inferior temporal cortex, Chelazzi, Miller, Duncan, & Desimone, 1993; and in areas V2 and V4, Reynolds, Chelazzi, & Desimone, 1999 ).
Yet the lateral inhibition mechanism has been questioned on the basis of failures to report inhibitory neighbor effects in some single word presentation studies (for a review, see Andrews, 1997 , or Mathey, 2001 ). For instance, in three lexical decision experiments Forster and Shen (1996) failed to observe a neighborhood frequency effect. Similarly, the failure to find any inhibitory effects in six single word presentation experiments (four lexical decision studies and two naming experiments), made Sears, Hino, and Lupker (1995) conclude that "The present results then pose a severe challenge to the existence of a 'true' inhibitory neighborhood frequency effect." As a result, some researchers no longer consider neighbor effects essential in evaluating a model's adequacy to simulate reading processes. For example, Coltheart, Rastle, Perry, Langdon, and Ziegler (2001) did not try to incorporate neighbor inhibition effects in their dual route cascaded model (DRC) model.
The studies mentioned above, that failed to observe inhibitory neighbor effects, concerned single word presentation studies. However, an issue that arises when investigating neighbor effects with a single word presentation task (e.g., single word lexical decision or single word naming) is, whether two or more groups of targets selected to examine the effect of a particular neighbor variable, only differ with respect to the intended neighbor variable. For instance, when investigating the effect of a higher frequency neighbor, different sets of words differing in their number of higher frequency neighbors are selected. A major difficulty is that the sets have to be matched on all relevant variables known to affect the dependent variable. To overcome this problem, researchers have turned to the masked priming procedure (Forster & Davis, 1984) for investigating neighbor effects. Here a target is briefly preceded by a masked word (the prime) and the RTs for the target are analyzed as a function of the preceding prime, which may be a neighbor word, or an unrelated control word that has no letters in common with the target. Using this technique, Segui and Grainger (1990) observed longer RTs for targets that were preceded by a higher frequency neighbor (e.g., "avec-AVEU" [with-confession] , with the word "avec" being more frequent in French), compared to targets that followed a higher frequency word that had no letters in common with the target (e.g., "puis-AVEU" [then-confession] Davis & Lupker, 2006; De Moor, Verguts, & Brysbaert, 2005) . Recently, De Moor and Verguts (2006) showed that this effect is also observed when primes and targets are of the same high frequency.
Because with masked priming the effect of a neighbor is measured relative to the effect of a control prime on the same target, this technique avoids the problems that arise when working with different sets of targets. Yet, it does not exclude possible confounds due to the use of two different primes (a neighbor versus a control prime). As a result, with masked priming, there is the problem of finding a proper control prime. In studies on neighbor effects, a word that has no letters in common with the target is usually taken as the control prime. The advantage of control words over blank primes or meaningless primes (e.g., "XXXX") is that control words also preactivate the response code "word," just like the neighbor prime, keeping this factor constant. However, a disadvantage of control words is that an unrelated prime also activates the mental lexicon. Although the unrelated prime and the neighbor prime are usually matched on several important variables, the (control, target) stimulus pairs may still differ in relevant variables from the (neighbor prime, target) stimulus pairs.
Given this theoretical problem, it is useful to introduce a second baseline. This second baseline can be found in the incremental priming technique (Jacobs et al., 1995) . With this technique, a prime's energy (operationalized as prime luminance or prime duration) is manipulated as a means to measure the size of the priming effect. It starts from the idea that a prime of very low energy does not have an effect, or only a very small one, on target processing. If the RTs for the target gradually increase with increasing prime energy, the prime inhibits the target when measured relative to exactly the same (prime, target) pair. On the other hand, if RTs decrease with increasing prime energy or prime duration, the prime facilitates target processing. As a result, this technique provides two baseline conditions to measure a priming effect: (1) the "traditional" between-conditions baseline in which RTs to targets primed by neighbors are compared to RTs to targets by a different baseline prime (for instance an unrelated word), and (2) the within-condition baseline in which RTs to (prime, target) pairs with different prime energies or presented for different prime durations are compared.
The second baseline (i.e., the within-condition baseline) solves the problem of working with different primes discussed in the previous paragraph, because it allows studying the time course effect of a priming effect relative to itself. As a result, compared to single word presentation studies and masked priming studies, the double baseline technique of incremental priming allows a more compelling interpretation of a priming effect. On the one hand, the between-condition baseline gives information on how an orthographic related word affects target processing compared to an unrelated word, while on the other hand the within-condition baseline gives information on how an orthographic related word affects target processing compared to itself at different prime energies.
In sum, the incremental priming technique eliminates potential confounds that arise when using a single word presentation task, or a (nonincremental) masked priming task. Based on the lateral inhibition account, we predict longer RTs for word targets preceded by a neighbor word prime, than for word targets preceded by an unrelated word prime. In addition, when analyzing the RTs for word targets relative to the within-condition baseline, increasing RTs should be observed with increasing prime durations for targets preceded by a higher frequency neighbor.
Nonword neighbor primes have been shown to result in target facilitation when compared to nonword unrelated primes (i.e., in a between-conditions comparison; e.g., Davis & Lupker, 2006; van Heuven, Dijkstra, Grainger, & Schriefer, 2001 ). This is predicted by the IAM because of the letter-to-word facilitation and the absence of withinword level inhibition in case the prime is a nonword neighbor of the target. As a further test of this finding, we also included nonword primes (both neighbor nonwords and unrelated nonwords) in our incremental priming design.
Method Participants
Thirty-nine psychology students at Ghent University participated in exchange for course credits. In addition, one person participated on a voluntary basis, leading to a total of 40 participants. All were native Dutch speakers and had normal or corrected-to-normal vision.
Stimuli and Design
One hundred and twenty targets were presented (60 words and 60 nonwords). Appendix A gives an overview of the stimuli. For the words, frequency counts were based on the CELEX database (Baayen, Piepenbrock, & Van Rijn, 1993) . The age of acquisition (AoA, the age at which a word is learned) measures were based on student ratings collected by Ghyselinck, De Moor, and Brysbaert, (2000; validated by De Moor, Ghyselinck, & Brysbaert, 2000) . The 60 target words were low frequency, late acquired words, mean logarithmic frequency (base 10) for a total of 42,380,000 counts, log freq = 1.9; mean AoA = 9.8 years. Four priming conditions were used for the word targets: (1) high frequency, early acquired neighbor words, for example "gang-GALG" (passage-gallows), mean log freq = 3.4; mean AoA = 5.2 years, (2) high frequency, early acquired unrelated control words, e.g., "kerk-GALG" (church-gallows), mean log freq = 3.4; mean AoA = 5.3 years, (3) neighbor nonwords, e.g., "garg-GALG," and (4) unrelated nonwords, e.g., "nusp-GALG," which had no letters in common with the target and which had no existing neighbor words, so that these words could not cause activation in the lexicon. The neighbor nonword primes were created by changing the mismatching letter between the neighbor word prime and the target, so that the neighbor nonword and the target shared at least one neighbor word, namely the higher frequency neighbor word prime.
The 60 nonword targets were created by changing one letter of a word (different from the experimental words) of a medium word frequency and a medium AoA, mean log freq = 2.4; mean AoA = 8 years. Vowels were replaced by vowels and consonants by consonants. The nonword targets were preceded by the same four prime types as the word targets: (1) a neighbor word prime, e.g., "tros-TRAS," (2) an unrelated word prime, e.g., "dijk-TRAS," (3) a neighbor nonword prime, e.g., "trus-TRAS," or (4) an unrelated nonword prime, e.g., "nung-TRAS."
Four stimulus lists were created following a Latin square: Each target was combined with one of the four primes so that in one list a given target was preceded by one particular type of prime, but by another type of prime in every other list. As a result there were four lists with 120 prime-target combinations each. Care was taken that the prime-target pairs were counterbalanced over the four lists with regard to word frequency, AoA, and the mismatching letter between the prime and the target.
Procedure
Stimuli were presented in the middle of a screen connected to an IBM compatible personal computer. We largely followed the procedure of Jacobs et al. (1995) . Each trial consisted of a succession of four stimuli: (1) a forward mask in the form of four hashes (####) for 500 ms that served as a fixation point, (2) the prime presented for 14, 29, 43, or 57 ms, (3) a backward mask presented for 14 ms (generating stimulus onset asynchronies [SOAs] of 28, 43, 57, and 71 ms, respectively), and (4) the target which remained on the screen until participants responded word or nonword by pressing one of the two buttons of a response box. Primes were presented in lower case, targets in upper case. Whenever participants made an error, a 1000 Hz feedback tone was given for 500 ms. The next trial started 1,000 ms later.
Participants sat approximately 60 cm removed from the computer screen. They were told that at the beginning of each trial they would see a warning signal (####), followed by a word in upper case. The presence of a prime was not mentioned. Participants were instructed to decide whether the word in upper case was a word or a nonword, and to respond as rapidly and accurately as possible. Stimulus presentation was randomized with a different order for each participant. The hand for responding word or nonword was counterbalanced across participants. Before the experimental trials were presented, 10 practice trials (five words and five nonwords) were conducted.
Primes were presented for 14, 29, 43, or 57 ms. Unlike Jacobs et al. (1995) , we chose prime duration as a betweensubjects variable to minimize the chance that a learning effect occurred during the experiment. Ten participants were assigned to each prime duration condition.
The experimental trials were presented in one block of 120 trials. Each participant saw 30 targets (60 words and 60 nonwords) preceded by a neighbor prime, 30 preceded by an unrelated control prime, 30 preceded by an orthographically related nonword prime, and 30 preceded by an orthographically unrelated nonword prime. The experiment took about 10 minutes. Participants were tested individually in a dimly lit room.
Results
RTs faster than 200 ms or slower than 2,000 ms (0.6% of the data) were discarded from the RT analyses. Mean correct RTs and mean percentage of error were analyzed both between-conditions (comparing the RTs to targets preceded by a related neighbor with the RTs to targets preceded by an unrelated word) and within-condition (comparing the RTs to targets primed for 57 ms with the RTs to targets primed for 14 ms). The analyses were performed using ANOVAs, with prime duration and list (due to the use of a Latin square) as two between-subjects variables, and orthographic relatedness of prime and target (neighbor/unrelated word) and type of prime (prime is a word or a nonword) as two within-subjects variables. Thus the between-conditions analyses were based on the within-subjects variable orthographic relatedness; the within-condition analyses were based on the between-subjects variable prime duration. Because we counterbalanced items, only analyses treating participants as a random variable are reported (see Raaijmakers, Schrijnemakers, & Grimmen, 1999) . The results are shown in Table 1 .
Between-Conditions Priming Effects Word Targets
When analyzing the RTs for the words, orthographic relatedness had no significant effect, F(1, 24) = 1.41, p = .25, nor did type of prime, F(1, 24) < 1, ns. The interaction between orthographic relatedness and type of prime was significant, F(1, 24) = 7.16, p < .05. Crucially, planned comparisons showed that there was a 22 ms significant neighbor inhibition effect when the prime was a word, F(1, 24) = 4.58, p < .05, but a nonsignificant 5 ms difference toward facilitation when the prime was a nonword, F (1, 24) < 1, ns.
In the analyses of the error percentages, the effect of orthographic relatedness fell short of the .05 level, F(1, 24) = 3.36, p = .07. There was no significant effect of type of prime, F < 1, ns, and no significant interaction between the two factors, F < 1, ns.
Nonword Targets
There was no significant effect of orthographic relatedness, F(1, 24) = 2.80, p = .10, type of prime, F < 1, ns, and no significant interaction between the two factors, F < 1, ns.
Within-Condition Priming Effects Word Targets
Analyses of the RTs showed a main significant effect of prime duration, F(3, 24) = 3.26, p < .05, reflecting increased RTs with increasing prime durations. The overall RTs were 682, 688, 761, and 772 ms for the 14, 29, 43, and 57 ms conditions, respectively. A significant increasing linear trend was observed for word targets preceded by a neighbor word prime, F(1, 36) = 11.39, p < .01, an unrelated word prime, F(1, 36) = 4.84, p < .05, and an unrelated nonword prime, F(1, 36) = 7.80, p < .01. There was no significant increasing trend for word targets preceded by a related nonword prime, F(1, 36) = 2.30, p = .13.
In addition, we conducted analyses in which betweenconditions and within-condition comparisons were combined. This showed that the significant increasing trend was stronger in cases where the prime was a neighbor word, than in cases where the prime was an unrelated word, F(1, 24) = 4.63, p < .05. In addition, prime duration interacted significantly with orthographic relatedness and type of prime, F(3, 24) = 5.36, p < .01, indicating that orthographic relatedness has a significant increasing inhibitory effect when the prime is a word, F(1, 24) = 4.63, p < .05, but a significant increasing facilitatory effect when the prime is a nonword, F(1, 24) = 6, p < .05.
Analyses of the error percentages showed a significant effect on prime duration, F(3, 24) = 5.51, p < .01. Mean percentage of errors were 21, 14, 14, and 12%, in the 14, 29, 43, and 57 ms conditions, respectively. 
Nonword targets
There was no significant effect of prime duration on the RTs, F(3, 24) = 2.48, p = .09), but there was an effect of prime duration on the error percentages, F(3, 24) = 4.15, p < .05. The error rate was 8, 7, 2, and 4% for the 14, 29, 43, and 57 ms conditions, respectively). No significant effect of prime duration was observed on the RTs.
Discussion
In this study we investigated masked neighbor priming with the incremental priming technique. The results of the within-condition analyses showed that word processing is slowed down in cases where it is primed with another word (either a neighbor word or an unrelated word), indicating that not only masked neighbor priming, but masked word priming in general is inhibitory. However, the processing is even slower when the prime is a neighbor word, than when the prime is an unrelated word prime, indicating that a neighbor prime (e.g., gang-GALG) inhibits a word more than an unrelated word (e.g., kerk-GALG). This is also corroborated by the results of the between-condition analyses: Longer RTs were observed for targets preceded by a neighbor prime than for word targets preceded by an unrelated word prime. Taken together these results indicate that, although priming causes a target to be processed more slowly, a neighbor word inhibits a word more than an unrelated control, giving support to the idea that neighbor priming effects are genuine inhibitory effects. This finding corroborates previously reported masked neighbor priming effects (e.g., Bijeljac-Babic et al., 1997; Brysbaert et al., 2000; Davis & Lupker, 2006; De Moor & Verguts, 2006) . However, our study differed from previous studies, as we analyzed the data using a supplementary within-condition baseline in which a (neighbor prime, target) stimulus pair served as its own control. As a result, our results are more compelling evidence for the fact that masked neighbor priming is an inhibitory effect. Also corroborating earlier findings (e.g., Davis & Lupker, 2006; van Heuven et al., 2001) , the incremental priming technique revealed a facilitation if the prime is a nonword neighbor compared to when the prime is an unrelated nonword prime. Although the results of the between-condition analyses showed no difference in RTs for targets preceded by a related nonword prime (e.g., garg-GALG) versus an unrelated nonword prime (e.g., nusp-GALG), the results of the combined (between and within) analyses showed increasing RTs with increasing prime durations in cases where the prime is an unrelated word but not in cases where the prime is a neighbor nonword, indicating that a neighbor nonword facilitates word processing.
These findings are in line with models that assume a one word -one node localizt code in the lexicon combined with lateral inhibition between the words. Examples of models based on this idea include the IAM (McCleland & Rumelhart, 1981) , the MROM (Grainger & Jacobs, 1996) , the Dual-Route Cascaded model (Coltheart et al., 2001) , and the SOLAR model (Davis, 1999) . At the same time, the results pose a potential challenge to some other models of visual word recognition. For instance, the inhibitory masked neighbor priming effect is inconsistent with models that incorporate a lexical independence hypothesis, such as logogen-type models (e.g., Morton, 1970) .
Besides these localizt models, a number of models have been developed from alternative perspectives. In the parallel distributed processing (PDP) tradition, Seidenberg and McClelland (1989) proposed that the lexicon consists of a distributed system in which lexical decision is achieved by calculation of an orthographic error score. If the system can accurately "reconstruct" the orthographic input (thus yielding low orthographic error scores), the input string is classified as a word, or otherwise as a nonword. Besner, Smith, and Macleod (1990) noted that the distributions of error scores for words and nonwords overlap, so the model is not able to solve the lexical decision task with 100% accuracy. In reply to Besner et al., Plaut (1997) showed that with extra semantic units, the task can be solved by (an extension of) this model. It remains to be shown, however, whether this model is also able to exhibit the neighbor priming effect in lexical decision. Given the solid evidence for neighbor inhibition, it is up to the proponents of the PDP models to show that models without a lexicon do (or don't) exhibit this finding.
Our results challenge previous failures to observe inhibitory neighborhood-frequency effects (Forster and Shen, 1996; Sears et al., 1995; Siakaluk, Sears, and Lupker, 2002) . In the study of Forster and Shen (1996) five to six letter words were used, whereas we used four and five letter words. One possibility is that with five and six letter words, more letters overlap between the prime and the target, so that there is more feature to letter facilitation compared to shorter words, leading to a facilitation that might have been strong enough to overcome the inhibition. However, this cannot fully account for the difference, as four letter stimuli were used in the study by Sears et al. (1995) . Another possibility is that different neighbors play a different role in English than in other languages. Both the study of Forster and Shen (1996) and the study of Sears et al. (1995) were conducted in English. Given the less transparent orthography to phonology rules in English when compared French or in Dutch to for instance, it is possible, that some neighbors (e.g., phonological neighbors or rhyme neighbors) play a more important role in English (Andrews, 1989; Davis & Lupker, 2006) . Whatever the reason might have been why these two studies failed to observe inhibitory neighbor priming, it is clear that further studies are needed to resolve this matter. At least our results show that masked inhibitory neighbor priming effects are not an artifact of the procedure used.
In recent years, failure to replicate reliable inhibitory neighbor effects in single word presentation tasks, have sometimes led researchers to doubt the existence of a "true" inhibitory neighbor effect. However, on the basis of our study, it is clear, that at least in priming, inhibitory neighbor effects are genuine effects. This implies that future visual word recognition models should be able to account for these.
